It was found by using spectrophotometric, spectrofluorometric, and high-pressure liquid chromatography that four subspecies of Bacillus thuringiensis produce coproporphyrin. The porphyrin isomer was identified as coproporphyrin I for B. thuringiensis subsp. kurstaki (HD1). The porphyrin was isolated both from spores and from a variety of spent growth media. The quantity of porphyrin released by each Bacillus subspecies differed. The rank order of porphyrin production follows: B. thuringiensis subsp. kurstaki HD1 > B. thuningiensis subsp. thuringiensis HD27 > B. thuringiensis subsp. thuringiensis HD41 > B. thuringiensis subsp. darmnstadiensis HD199.
Bacillus thuringiensis is a gram-positive bacterium which is industrially important because of its insecticidal properties (8, 9) . A few studies have been carried out to characterize the physiology of the bacterium. For example, it has been reported that the bacillus does not grow in a chemically defined medium without glutamate (15) and that vegetative growth causes a buildup of acetic acid and pyruvic acid which are later used during the onset of sporulation (17) . In addition, B. thuringiensis secretes metalloproteases at the time of sporulation. One of the proteases, inhibitor A, has been found to destroy antibacterial proteins associated with insect defense systems (5) . Several of the Bacillus serotypes are also known to secrete a variety of compounds such as the alpha and beta exotoxins (7) .
Earlier studies carried out by a member of this laboratory determined that B. thuringiensis spores were unusually sensitive to visible light (10) . Absorbance spectra were also obtained in which the B. thuringiensis spores demonstrated a large peak in the region between 408 and 420 nm (10) . These peaks are indicative of porphyrins. Porphyrins are tetrapyrrole compounds which act as very efficient photosensitizers (3, 21) . In an attempt to understand why the microorganism was more sensitive to visible light than to near-UV light, studies were initiated to identify cellular products or components which could serve as natural photosensitizers. This paper reports the isolation, identification, and quantification of a porphyrin which is secreted during all the stages of growth of the microbes. Comparative data on four different subspecies of the bacillus is presented. MATERIALS Sporulation conditions and isolation of spores were carried out as previously described (10) . Unless otherwise specified, media were prepared with nanopure water obtained from a Barnstead water purification system. To determine the effect of iron on porphyrin production, B. thuringiensis subsp. kurstaki HD1 was grown for 72 h in high-glutamate sporulation medium in which the iron was eliminated. For large-scale sporulation of the bacillus, 10 liters of sporulation medium was inoculated and then incubated at 30'C with shaking until sporulation was complete. In this case, the 10% inoculum was grown in brain heart infusion (BHI) broth. Growth was then allowed to occur as described above. After sporulation had been conclusively determined by using a phase-contrast microscope, the spores, cell debris, and contaminating vegetative cells were obtained by centrifugation as previously reported (10) .
Extraction procedures. Porphyrins were extracted both from B. thuringiensis spores and from 800 ml of spent growth medium. Spores were collected from the 10 liters of sporulation medium by centrifugation at 5,858 x g for 10 min (RC2B Sorvall centrifuge and SS34 rotor). The pellet was suspended in M9 inorganic salts buffer consisting of 6 g of Na2HPO4 * 7H20, 5 g of NaCI, 3 g of KH2PO4, 1 g of NH4Cl, and 0.2 g of MgSO4 per liter of water. The spores were collected as described above, and the pellet was suspended in M9 buffer and centrifuged for a third time. The two washings were carried out to remove any contaminating growth medium which adhered to the spores. The The type and quantity of porphyrin produced by the bacilli was also determined by using a fluorescence spectrophotometer (650-lOS; The Perkin-Elmer Corp., Norwalk, Conn.). The fluorescence studies used an excitation wavelength of 401 nm, and an emission spectrum was scanned from 580 to 680 nm by using 10-nm slit widths. Briefly, the procedure consisted of diluting coproporphyrin III fluorescence standard (Porphyrin Products) with 1 M HCI to a concentration of 0.25 p.g/ml. The fluorescence of the standard was then determined. The Bacillus porphyrin was placed in 10 grown. Our studies on each subspecies determined that the cells secreted porphyrin into the medium throughout all phases during a 72-h growth period (Table 1 ). There was no variation detected in the maximum absorbance of the porphyrin regardless of the growth phase of the bacillus, except at the initial time of inoculation in which no absorbance was detected (Table 1) . Porphyrin was also isolated at 7 and 48 h from B. tihiiriJigielinsis subsp. berlinzer kir-staiki which was isolated from a commercial insecticide (Organic BT; Sudbury). Detectable levels of the tetrapyrroles were recovered from strain HD1 spore preparations when analyzed by HPLC but not when analyzed spectrophotometrically. This is not unusual because the sensitivity of HPLC is greater than that of spectrophotometers. HPLC analysis of the spore porphyrin resulted in two peaks in the same position as the HPLC analysis of the Bacillus porphyrin isolated from spent medium. This finding indicates that the porphyrins released into the growth medium are reflective of the spore porphyrin composition. Subsequent analyses were carried out on the porphyrin isolated from spent growth medium because only 800 ml of medium compared with 10 liters of spores was needed for isolation of the porphyrin.
As has been reported previously for other bacteria (14) , the majority of the porphyrin produced by all subspecies was found in the culture supernatant of the growth medium. Porphyrins were isolated from various types of growth media, such as a chemically defined high-glutamate sporulation medium, G sporulation medium, L broth, and BHI broth in which the bacilli were grown. The presence of porphyrins was preliminarily analyzed by TLC. Extracts from the subspecies studied exhibited reddish fluorescence when spotted onto silica plates and when viewed under the BLB light (Table 1) . Stringent sporulation conditions, such as a chemically defined sporulation medium (high-glutamate sporulation medium), were not necessary for the production of the porphyrin because it was detected in spent complex sporulation medium (G medium). In addition, the porphyrin was also isolated from complex growth media such as L broth and BHI broth. Although the type of medium did not influence the production of the type of porphyrin, it did seem to have an effect on the quantity of porphyrin which was found in the spent medium as visualized on the TLC plates. No fluorescence was observed from sterile growth medium placed onto TLC plates.
The maximum absorbance peak of the tetrapyrrole compound dissolved in 1 M HCI was 402 nm (Fig. 1A , Table 1 ).
As can be seen in Fig. 1 (Fig. iB) . No peaks were observed when the unknown was dissolved in chloroform. Uroporphyrin, protoporphyrin IX, and coproporphyrin are common porphyrins isolated from biological samples (4, 11) . In addition, spectrofluorometry was also used to identify the unknown porphyrin. All of the strains exhibited identical emission peaks. The major emission peak occurred at 595 nm, whereas a second minor emission peak occurred at 655 nm. The emission scan of the unknown porphyrin from B. thuringiensis subsp. kurstaki HD1 is shown in Fig. 2A and illustrates the emission peaks. The same peaks were obtained when coproporphyrin III dihydrochloride was scanned (Fig. 2B) . No peaks were obtained for the Bacillus porphyrin at 605 nm where protoporphyrin IX dimethyl ester in 6 M HCI exhibited maximum fluorescence (Fig. 2B) .
Another technique used to identify the Bacillus porphyrin was HPLC analysis. Three peaks were noted in the HPLC chromatograms for the Bacillus porphyrin isolated and purified from both spores and growth medium in which cell growth had occurred for 48 h (Fig. 3) . Peak 1 eluted first followed by peaks II and III, respectively (Fig. 3) . The order of elution for the porphyrin standards seen in Fig. 4A was uroporphyrin (8COOH), heptacarboxylic porphyrin (7COOH, 1CH3), hexacarboxylic porphyrin (6COOH, 2CH3), pentacarboxylic porphyrin (5COOH, 3CH3), and coproporphyrin I (4COOH, 4CH3). Coproporphyrin III is seen in Fig. 4B . The small peaks which eluted first ( Fig. 4A and B) consisted of void volume. Coproporphyrin I eluted at 9 min (Fig. 4A) as did peak III of the unknown Bacillius porphyrin (Fig. 3) . Peak II eluted where the standard pentacarboxylic porphyrin eluted. Peak I (Fig. 3) consisted of void volume.
The amount of porphyrin released by the bacilli was determined by spectrofluorometry. Even though the four subspecies studied all produced coproporphyrin, the quantity produced after 7 and 48 h of growth differed among the subspecies (Table 2) porphyrin than strain HD41, and 2.8 times more porphyrin than strain HD199 after 7 h of growth. However, after 48 h of growth, the difference in the quantity of porphyrin produced by strain HD1 and that produced by the other three strains was even more dramatic. After 48 h, HD1 produced (Table 2 ). The decrease in porphyrin concentration produced by strain HD199 is consistent. B. thuringiensis subsp. berliner kurstaki isolated from the commercial insecticide was found to secrete similar quantities of porphyrin as the B. thuringiensis subsp. kurstaki HD1 laboratory strain (Table 2) . Atomic absorption analysis determined that iron was the predominant metal in the unknown sample. To determine if iron influenced the release of porphyrin, iron was eliminated in the high-glutamate sporulation medium prepared with nanopure water. Approximately the same amount of porphyrin was released into the sporulation medium without the iron after 72 h of growth (18.4 Griego, unpublished data) led us to speculate that the compound which absorbed readily in the visible region could act as a photosensitizer. The present findings indicate that the bacillus produces coproporphyrin I which is found in the spores and is also released from the cells and is subsequently found in the growth medium. Pentacarboxylic porphyrin was also detected by HPLC. Studies done over a 72-h-growth period for each strain indicate that the cells released the porphyrin into growth medium throughout all phases of growth (Table 1) . Other bacteria have also been reported to produce large amounts of coproporphyrin. Propionibacterium acnes was found to accumulate large amounts of coproporphyrin and protoporphyrin (13) as did Rhizobium japonicum under conditions of restricted aeration (2) . Recent studies carried out by Javor (12) report thio-stimulated release of both coproporphyrin and protoporphyrin by Escherichia coli. Porphyrin production by B. thuringiensis is not media dependent because porphyrin was isolated from a chemically defined high-glutamate sporulation medium and from the complex sporulation G medium, BHI broth, and L broth. We were, however, unable to detect any porphyrins from the spores themselves when spectrophotometric analysis was used; however, HPLC analysis was successful in detecting porphyrins isolated from spores. This finding indicates the presence of endogenous porphyrins which probably account for the spore maximum absorbance peak at approximately 413 nm reported previously (10) .
We determined by HPLC and by spectrophotometric and spectrofluorometric analyses that the porphyrin produced by B. thuringiensis subsp. kurstaki (HD1) which was found in the spent growth medium is a coproporphyrin acid (Fig. 1,  2, and 3) . The predominant isomer was found to be coproporphyrin I. Only spectrophotometric and spectrofluormetric analyses have been done on the porphyrins produced by B. thuringiensis subsp. thuringiensis (HD 27 and HD41) and B. thuringiensis subsp. darmstadiensis (HD199). All three subspecies also produced the coproporphyrin acid (Tables 1 and 2 (1) . In addition, coproporphyrinogen III is the precursor to protoporphyrin IX which is among the most common porphyrins found in microbes. We were unable to detect protoporphyrin IX under the conditions described; however, preliminary TLC chromatography data indicate the presence of haem in spent media, indicating that the protoporphyrin IX present is below the level of detection by the methods outlined above. In addition, we were unable to detect protoporphyrin IX in the spores through the use of HPLC analysis. Another possible explanation for coproporphyrin I production is that the Bac illuis uroporphyrinogen III decarboxylase involved in the decarboxylation of both uroporphyrinogen III and I has a greater affinity for the substrate uroporphyrinogen I.
Even though the four subspecies all produce coproporphyrin, the quantity produced differs ( (20) . We found that approximately the same amount of porphyrin was released into medium without iron, so it is not iron in the medium that influences the amount of porphyrin produced.
Porphyrins are known to act as very efficient photosensitizers (3, 21) . The efficiency of sensitization by porphyrin is dependent upon the metal which is bound to the tetrapyrrole (19) . The porphyrins can induce photodamage by generating singlet oxygen, and the damage has been found to occur in the vicinity of porphyrin within biological systems (18) . Singlet oxygen can produce a variety of deleterious effects within the cells themselves (6) . The intracellular solubility of the porphyrin is also important when considering where the photodamage will be induced (18 
